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Experimental characteristics of bottom-gate-contact organic thin film field-effect transistors (OTFTs)
with 70 nm thick films of solution processed non-peripherally octahexyl-substituted copper tetraben-
zotriazaporphyrin (6CuTBTAP) novel asymmetric molecules as active layers on silicon substrates are
analyzed by both linear and non-linear parameter extraction methods in order to examine the field-
dependent mobility and contact effects. Both linear and saturation field effect mobilities of OTFTs
have been computationally determined as a function of gate voltage in the presence of the contact
resistances. The Poole-Frankel mechanism is found to be responsible for charge transport during the
saturation regime, giving the highest mobility of 6.9 × 10−2 cm2 V−1 s−1 at the gate-source voltage
(VG) of 50 V. The on-off ratio is found to be 10
6. The contact resistance at the interface between gold
electrodes and the 6CuTBTAP active layer decreases with VG sharply from 75MΩ corresponding to
VG= 0 V to 10MΩ once the transistor is turned on at the threshold voltage. Published by AIP
Publishing. https://doi.org/10.1063/1.5055588
I. INTRODUCTION
Tetrabenzotriazaporphyrins (TBTAPs) are macrocyclic
semiconductors structurally related to well-investigated organic
phthalocyanine (Pc) compounds and show interesting physical
properties with the potential for applications in electro-optic
devices for optical data storage, solar cells, field-effect transis-
tors, electrochemical transistors, displays, and non-phototoxic
dendritic nanoprobes for tissue oxygen measurements.1,2 The
TBTAPs differ from Pcs in which one of the four bridging
nitrogen atoms in the latter is replaced by an sp2 hybridized
carbon atom.3 However, the chemical synthesis of TBTAP
compounds is far more challenging than for phthalocya-
nines. The lower symmetry TBTAP ring system has, until
recently, been far less readily available than phthalocya-
nines.4 Four-probe conductivity measurements on doped
copper tetrabenzotriazaporphyrin (CuTBTAP) at 27 Hz showed
a conductivity of 100-500 Scm−1 at ambient temperatures that
increased on cooling to ca. 90 K and then decreased on
further cooling to 5 K. A similar pattern of temperature depen-
dence was observed when the measurements were repeated
at 13 GHz, implying that the intrinsic charge transport is not
influenced by the contacts.5 Microwave conductivity mea-
surements on Cu metallated TBTAP at temperatures varying
between 2 K and 300 K at 13 GHz show the decrease from
the room temperature metallic of 3 × 102 Scm−1 to 7 × 102 Scm−1
for the low temperature varying between 10 K and 40 K.
Magnetic moments localised on the Cu+ metal spine in this
quasi-one-dimensional conductor is believed to be responsi-
ble for this behavior.6,7 The electrical conduction of both
Cu and Ni metallated TBTAP after oxidative doping using
iodine has been investigated over the temperature range between
100K and 300K, and then a comparison of the results with cor-
respondingly doped phthalocyanines indicates the 12 orders of
magnitude increase in the conductivity along the needle (crys-
tallographic a) axis. The oxidation from both ligand π-orbitals
and metal d-orbitals has been identified from the electron para-
magnetic resonance spectra, displaying doubly mixed-valence
states.8,9 Electrochemical oxidation of copper and nickel tria-
zatetrabenzoporphyrinato ([CuTBTAP]3[ReO4]2·C10H7Cl and
[NiTBTAP]3[ReO4]2·C10H7Cl) dissolved in 1-chloronaphthalene
in the presence of the perrhenate ion provided access to
partially ligand oxidised crystals of both complexes,
forming trimerised stacks responsible for their semicon-
ducting behavior of the range between 0.25 × 10−4 Sm−1
and 0.3 Sm−1 and an activation energy for conduction in
the range of 0.24-0.26 eV.10
Following these early works, several attempts have been
made in recent years to improve the synthesis of solution pro-
cessable asymmetric TBTAP macrocyclic compounds with a
view to realising their potential large-scale device applica-
tions. The mesophase properties of the new derivatives are
very interesting for device applications.11 For example, theo-
retical investigations into optical properties of solution pro-
cessed TBTAP molecules show the presence of HOMO and
LUMO at −4.44 eV and −2.47 eV, giving the value of 1.97
eV for the bandgap. The carrier mobility is estimated to be
1.06 cm2 V−1 s−1.12 A value of 0.028 eV is obtained for the
activation energy from four-probe conductivity measure-
ments between 83 K and 250 K on axially substituted iron
(FeTBTAP). This value is found to be higher than its phtha-
locyanine analogs. This semiconducting superior behavior of
FeTBTAP is attributed to the reduction in intermolecular π-π
overlapping possibly due to its distances and angles between
pyrroles and atoms at the meso positions larger as revealed
by X-Ray diffraction studies on the crystal structures.13
Solution-processed thin films of 5,15-bis(triisopropylsilyl)
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ethynyltetrabenzoporphyrin is found to form a brick work
packing of two dimensionally extended π-staking. The
field-effect hole mobility is 1.1 cm2 V−1 s−1, a value 14
times greater than its unsubstituted compounds.14 The room
temperature characteristics of the bottom gate configured
Organic field effect transistors (OFETs) employing approxi-
mately 70 nm thick spin-coated films of non-peripherally
octahexyl substituted nickel tetrabenzotriazaporphyrin
(6NiTBTAP) molecules exhibit performance superior to
their phthalocyanine analogs in terms of high mobility, low
threshold voltage, large on/off current ratio, and steeper
sub-threshold slope. Compactly packed long fibers observed
in the 6NiTBTAP film are believed to be responsible for
enhanced in-plane charge transport in the channel between the
drain and the source.15 Values of the carrier mobility and on-off
ratio for similarly configured OFETs with octadecyl substituted
copper tetrabenzotriazaporphyrin (10CuTBTAP) active layer are
found from standard square law dependence of saturation
current upon the gate-to-source voltage (VG) to be 5 × 10
−3 cm2/
Vs and 104, respectively, and these values are nearly one order
of magnitude higher than the phthalocyanine analog (10CuPc)
layer transistor. Compact modeling, however, shows that the
10CuPc layer is relatively more susceptible to trapping degrada-
tion near the gate region than a 10CuTBTAP layer, which is
significant in order to achieve stability in these transistors.16
This article presents the results of an experimental investi-
gation into the characteristics of OFETs using 70 nm thick poly-
crystalline films of copper-1,4,8,11,15,18,22,25-octakis(hexyl)
tetrabenzotriazaporphyrin (6CuTBTAP) as active semicon-
ductor layers. The chemical structure of the molecule is
shown in Fig. 1(a). Both linear and nonlinear extraction
methods have been employed for analysis of the transistor
parameters such as saturation mobility (μsat), threshold
voltage (VT ), sub-threshold voltage swing (S), and on-off
ratio. Emphasis is given on the morphology-dependent
charge transport contributing to the effect of contact resis-
tance between the source and drain gold electrodes.
Molecular orbital calculations of the two ring systems indi-
cate the similarities of 6TBTAP compounds with their Pc
analogs but the 6TBTAP structure delivers a somewhat
larger HOMO-LUMO energy difference of 1.77 eV, showing a
small hypsochromic shift of the visible region adsorption
band.17 6CuTBTAP is chosen because it combines the intrinsic
asymmetry unique to TBTAPs with hexyl chain substituents
that impart both solution processability and self-organisation in
the films for flexible electronics.
II. EXPERIMENTAL
Novel synthesis methods of non-peripherally octaalkyl-
substituted derivatives of tetrabenzotriazaporphyrin have been
developed in recent years by treating 3,6-dihexylphthalonitrile
with MeMgBr and then separating the mixture of phthalocya-
nine/hybrids by chromatography.18 Treatment of the TBTAP
with copper acetate gave the metallated derivative 6CuTBTAP.
Employing a KW-4A two stage spin coater (Chemat Technology
Inc.) initially at 1000 rpm for 30 s and subsequently at 2000
rpm for 60-90 s, 70 nm thin and uniform film of 6CuTBTAP
layers were deposited onto highly n-doped Si (110) wafer
gates of resistivity 1 to 5Ω/cm covered with 300 nm thick
thermally grown oxide gate layer having a capacitance per unit
area Ci = 9 nF/cm
2, preventing current flow between the gate
and source/drain contacts. Two finger shaped gold electrodes
(Au coated Ti electrodes; Au = 50 nm and Ti = 20 nm) were
prepared using photolithographic and sputtering technique,
which serves as a source and drain electrode. The back side of
the Si wafer was removed and the layer of Ga-In eutectic was
applied in order to form the Ohmic contact and used as a gate
terminal. The bottom gate bottom contact field effect tran-
sistors in Fig. 1(b) were fabricated having length L = 20 μm
and channel width W = 2 mm. A DekTak profilometer
was employed to measure the thickness, t ¼ 70 nm of the
6CuTBTAP film. Details of the experimental protocols are
available from one of our earlier publications.19 The character-
isations of 6CuTBTAP OFETs were performed at room tem-
perature in air under ambient conditions using a Keithley 4200
semiconductor parameter analyzer. The atomic force micro-
scopic images of the films spin coated on the 20 mm× 20mm
silicon substrate were examined by the Digital Nanoscope III.
The crystallographic study of the 6CuTBTAP thin films pre-
pared onto the Si (110) wafer was performed using an X-ray
Diffractometer (model Bruker D8 Advance) with monochro-
matic Cu-Kα radiation of wavelength λ = 0.1541 nm.
III. RESULTS AND DISCUSSION
The AFM micrograph in Fig. 2 shows the polycrystalline
surface morphology of the as-prepared 6CuTBTAP spin
FIG. 1. (a) Chemical structure octahexyl substituted copper tetrabenzotriaza-
porphyrin (6CuTBTAP) with eight hexyl chains (C6H13) on non-peripheral
sites. (b) Bottom gate bottom contact OFET structure with channel length
L = 5 μm and channel width W = 2mm.
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coated film on the silicon substrate. Non-uniform clusters of
size ranging from 1 to 1.5 μm can be clearly seen. The size
of the cluster is much larger than the 6CuPc layers deposited
on the similar substrate under the same type of the prepara-
tion conditions.19 The large cluster seems to be an agglomer-
ation of small long grain like structures, which are separated
by the grain boundaries. These grain boundaries can be
further reduced upon the heat treatment procedure at the
desired temperature and ambient conditions. The large clus-
ters of 6CuTBTAP formed with long grains could be suitable
for fast charge transportation within the active semiconduc-
tor, which may further be useful to improve the field effect
mobility. The thin layers with small granular morphology
have a large number of large grain boundaries where the
charge carriers may be trapped.19 The X-ray diffraction
(XRD) pattern of the spin coated 6CuTBTAP prepared onto
the Si substrate is depicted in Fig. 2(b). The multiple diffrac-
tion peaks demonstrate the growth of the polycrystalline
structure of the layer. All the peaks observed in the XRD
spectra are well matched with the α-CuPc of the monoclinic
crystal structure with four molecules per unit cell in
Fig. 1(a). It is important to note that the 6CuTBTAP thin
film showed a single α-phase, whereas the 6CuPc exhibited
mixed α and β-phases. The average grain size of ∼55 nm
was calculated by using the Debye-Scherrer equation.20
A. OFET linear analysis
Figure 3 shows a set of reproducible, hysteresis-free
output characteristics of the 6CuTBTAP organic thin film
field-effect transistors (OTFTs) in terms of drain-source
current (ID) as a function of drain-source voltage (VD: −50
V≤VD ≥ 0 V) as the gate voltage VG is varied within the
range of 50 V≤VG≥ 0 V. The increase of drain-source con-
ductivity with VG indicates clean field-effect operation in a
p-type accumulation mode.21 That the increase of ID with VD
for 10V  VD  0 V is significantly smaller than VD 
10V is believed to be typical of semiconducting behavior of
the 6CuTBTAP active layer. This type of behavior has also
been reported for the pentacene-based OTFT with conducting
gold electrodes.22 Initial estimates have been made for linear
field-effect mobility μlin = 0.11 cm
2/Vs and threshold voltage
VT= 6 V from the slope and intercept on the abscissa of the




Ci(VG  VT )VD, (1)
for the linear region of |VD| < |VG–VT|
The transfer characteristic in Fig. 4 of ID versus VG for
VD = −40 V exhibits an on/off current ratio of 106. The posi-
tive charges in the 6CuTBTAP device become completely
depleted over the entire thickness of the active layers at the
gate voltage of VG ¼ 5V. This depletion is caused by the
band bending of the active Pc layers in the opposite direction
at the gate.
Values of saturated field-effect mobility μsat and thresh-
old voltage VT are estimated to be 0.15 cm
2 V−1 s−1 and
6 V, respectively, from the slope and the intercept of
the best linear fits in Fig. 4 to the square-root dependence
FIG. 3. Output characteristics: drain-to-source current (ID) as a function of
the drain-to-source voltage (VD) between −50 V≤VD≥ 0 V for gate voltage
VG: VG= 0 V (■),VG =−10 V (●),VG =−20 V(▴),VG =−30 V (▾),VG =
−40 V(□), and VG =−50 V (○).
FIG. 2. (a) Two-dimensional AFM micrograph of 6CuTBTAP thin film and
(b) X-ray diffraction spectra of spin coated 6CuTBTAP thin film
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Ci(VG  VT )2, (2)
for a saturation region of VD > VG.
Investigations have been made in recent years on similarly
configured OTFTs using 70 nm thick spin-coated active layers
of octakis(hexyl) copper phthalocyanine (6CuPc) analog com-
pounds.24 Room temperature transistor characteristics have
been reported for OTFTs employing 100 nm thick spin-cast
polycrystalline active layers of thermally converted copper tet-
rabenzoporphyrin (CuTBP) compounds at 165 °C in vacuum
from amorphous, insulating thin-films of copper tetrabicyclo-
porphyrin.25 The device parameters of these transistors have
been evaluated from Eqs. (1) and (2), and the results are
summarised in Table I. Active layers of various metal tetra-
benzoporphyrins were produced for the OFETs by annealing
the metal-tetrabicycloporphyrin film spin coated from pre-
cursor solution in chloroform, For example, the values of
μsat and on-off ratio were measured to be 0.017 cm
2 V−1 s−1
and 105 for thin films of metal-free 1,4:8,11:15,18:22,25-
Tetraethano-29H,31H-tetrabenzoporphine having the optimal
thickness lying between 10 nm and 100 nm annealed at 210 °C
for 5min.26 The values of μsat and the on-off ratio of OFETs
based on 100 nm thick ZnTBP films as active layers were
estimated to be 10−2 cm2 V−1 s−1 and 102, respectively.27
The highest value of μsat is found to be 0.22 cm
2 V−1 s−1 for
NiTBPOFET.28 6CuTBTAP molecules are, therefore, found
to provide better room temperature field effect performance in
terms of higher mobility, two orders of magnitude increase in
on/off ratio, and smaller sub-threshold swing than both
devices based on its TBP compounds.
B. Analysis of OFET with polycrystalline active layers
However, Eqs. (1) and (2), commonly used for the tran-
sistors with a single crystalline active layer, are based on
gradual channel approximations for the drain current relation
in which a linear potential profile across the channel
between the gate and the source is assumed to exist.29 The
charge carriers induced by the gate voltage in the channel
become trapped in the polycrystalline film as observed in the
AFM pictures for the present 6CuTBTAP film. The ratio of
free carriers to trapped carriers increases with the increasing
gate voltage, leading to a power law dependence of the
carrier mobility upon the gate voltage VG in the form of
μ ¼ μ0[VG  (Rs þ RD)ID]γ according to the transit time
between the source and drain electrodes, where μ0 is a fitting
parameter.30 Secondly, acceptor states are found from the ab
initio study on band structure to be induced by interactions
between the 3d states of Cu and π states of the TBTAP mol-
ecule near the bandgap. The active 6CuTBTAP layer, there-
fore, is likely to form Schottky type contacts with both
source and drain gold (Au) electrodes.31 As shown in
Fig. 1(b), the contact resistances RS and RD at the source
and the drain contacts also govern the current ID. The
voltage between the gate and the source can now be written
in the modified form of VG  RSID while that between the
source and the drain is VD  (RS þ RD)ID. These two volt-
ages control the drain current ID.
The drain current ID(lin) is, therefore, written in terms of
the field independent mobility μ0 and the threshold voltage





1 þ (RS þ RD)(VG  VT)(γþ1)
 
, (3)
for the linear region.
The voltage drop across RD in the saturation regime is
not large enough for significant control of the drain-source
current and the saturation current ID(Sat) can therefore be
written in the form
ID(sat) ¼ μ0CiW(γþ 2)L
 
(VG  RSID  VT)(γþ2), (4)
for the saturation region.
The exponent γ ¼ 2 TCT  1
 
is associated with the char-
acteristic temperature TC for the width of the Gaussian or
slope of the exponential distribution of traps and T is room
temperature. For TC ¼ T, the transistor is expected to behave
more like the one predicted by Eqs. (1) and (2).
Using MATLAB’s curve fitting routine “lsqcurvefit,”
values of 4.9 × 10−6 cm2 V−1 s−1, 0.117, and 3.9 V have been
FIG. 4. Transfer characteristics VD =−5 V and VD =−40 V plots of square
root of ID vs VG for OTFTs with a 6CuTBTAP active layer.












6CuTBTAP 0.11 0.15 ∼106 6 1.49 1.32
6CuPc (Ref. 21) 4 × 10−6 0.04 ∼107 9 1.88 1.72
CuTBP (Ref. 22) 0.1 0.13 ∼104 5 4.2 …
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estimated for parameters μ0, γ, and VT in Eqs. (3) and (4),
respectively. The least square method has been used to find
these three parameters subject to the minimisation of the sum
of square fitting errors. Values of TC and the corresponding
Meyer-Neldel energy EMN(¼ kTC) are estimated to be 317.6
K and 27.37 meV, respectively. The ratio of EMNkT = 1 sug-
gests that trapped charges do not contribute to the drain to
source current and therefore the mobility becomes largely
dependent upon the ratio of trapped-to-free carriers controlled
by VG.
33 The value of VT = 3.9 V is smaller than the one
previously determined (2), and this may be attributed to the
bulk trap limited charge transport in the polycrystalline
6CuTBTAP layer and the value of the trap density NB is








The free space permittivity ε0 ¼ 8:85 1012 Fm1 and the
dielectric constant of 6CuTBTAP film εTBTAP≈ 3.0 were
used for the calculations.
The value of sub-threshold swing S defined in Eq. (6) as
the gate voltage VG required to increase ID by a factor of ten
is found to be 1.49 V decade−1 from the transfer characteris-




The value of 1.32 × 1012 cm2 is estimated for the density Nss
of traps at the interface between the organic layer and the
gate SiO2 dielectrics from knowledge of the sub-threshold
voltage swing S in the form35





where q = 1.6 × 10−19 C is the elementary electronic charge,
k = 8.62 × 10−19 eVK−1, and the temperature T is taken to be
300 K. Apart from structural imperfections due to molecular
misalignment at the interface, non-stoichiometric depositions,
and surface roughness of the 6CuTBTAP film are believed to
have contributed to the value of Nss.
36
The value of 1.46 × 1012 cm−2 for the density Ng of traps
at the grain boundaries per unit area in the active layers
has been estimated from the slope of the best linear fit to
the Levinson plot in Fig. 5 of ln IDVG
 	
as a function of 1VG for









where μGBO is the trap free mobility which usually depends
on the grain size and the carrier concentration, but only
slightly on measurement temperature.37 μGBO is found to be
0.82 × 10−2 cm−2/Vs from the intercept of the plot. It is also
to be noted that the Levinson plot in the present case is not a
strictly straight line. This may indicate that the grain boundar-
ies may act as traps rather than barriers.38 The inset of Fig. 5




decreases while the grain boundary mobility μGB increases
with VG. EB is found to undergo sharp decreases at low
voltage VG  VT , and then the reduction tends to be steady.
Similar calculations have been reported for the top Au
contact pentacene OFETs. The density Ng is believed to con-
tribute to the parasitic resistance of the device.39
As shown in Fig. 6, the mobilities in both linear and sat-
uration regions corresponding to VD =−5 V and VD =−45 V
were determined from Eqs. (3) and (4), respectively, as a
function of gate voltage VG. These values of the mobilities
are at least one order of magnitude smaller than those
obtained earlier using Eqs. (1) and (2). A sharp increase in
μsat is observed from 3.0 × 10
−2 cm2 V−1 s−1 to 4.8 × 10−2
cm2 V−1 s−1 as VG is increased from VG = 0 V to VG≈VT
and μsat then tends to reach the saturation value of 6.9 × 10
−2
cm2 V−1 s−1 slowly at VG = 50 V. This dependence can be




as shown in the inset of Fig. 6.
This type of behavior may be identified with the Poole
Frankel charge transport mechanism and the value of β is
FIG. 5. Levinson plot for VD=−5 V 6CuTBTAP films and the inset
showing the dependence of interfacial barrier (solid circles) and the grain
boundary mobility (open circles).
FIG. 6. Dependences on the gate voltage VG of μsat for VD =−45 V (solid
circles) and μlin for VD =−5 V (solid circles) for VD=−5 V (open circles)
and log-linear Poole-Frankel plot of μsat and √V (inset).
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estimated to be ∼1.33 × 10−2 cm2/V3/2 s from the slope of
the linear fit to the plot of ln μsat vs √V on a log-linear scale
and this positive value of β implies that the positional order
is small in comparison with the width of the Gaussian
density of energy states.40 Similarly configured OFETs
using the seven monolayer thick Langmuir-Blodgett film of
liquid crystalline 2,3,9,10,16,17,23,24-octakis((2cinnamyl)
ethoxy) phthalocyaninato copper molecules exhibit a
similar field dependence of the saturated mobility μsat with
the highest value of 1.8 × 10−2 cm2 V−1 s−1 at VG ¼ 40V ,41
which is found to be smaller than the corresponding value
of the 6CuTBTAP molecule by a factor of more than three.
The release of these charge carriers at high gate voltages
results in a large increase in the drain current of the device
due to the field enhanced thermal excitation.42 The variation
of μlin with VG follows a similar pattern, μlin varying between
1.8 × 10−2 cm2 V−1 s−1 and 6.7 × 10−2 cm2 V−1 s−1 and VG
between 0 V and V50 V.
The contact resistance RSD ¼ (RS þ RD) is determined
numerically from Eq. (3) as a function of VG for constant
VD ¼ 5V. Figure 7 shows the decrease of RSD from
75MΩ to 5MΩ in an exponential form of RSD∝ exp(−γVG).
However, the decrease is sharper for the range VG≤ 10 V
than that of VG > 10 V with the corresponding values of
16.1 × 10−3 V−1 and 5.6 × 10−3 V−1 for the exponent γ. The
contact effects in pentacene based OFETs have been investi-
gated by using different metal electrodes and the values of the
contact resistance which are extracted by introducing RSD into
Eq. (1) are greater than those reported in the present inves-
tigation by nearly one order of magnitude.42,43 The contact
resistance at the Au electrode and the 6CuTBTAP spun active
layers arises from the potential difference between the HOMO
of an organic semiconductor and work function of the metal
drain electrode. Undoped 6CuTBTAP molecules are regarded
being p-type intrinsic semiconductors having a very low
charge concentration at thermal equilibrium due to their wide
bandgap of 1.77 eV as reported earlier. This leads to the exis-
tence of the thick depletion layer at the Au/6CuTBTAP inter-
face prohibiting the carrier injection by tunneling.44 It is to be
noted here that the increase of μsat with VG is associated with
the decrease in RSD. This behavior may be attributed to the
current crowding as a greater charge density is induced in the
accumulation channel by increasing VG.
45
IV. CONCLUDING REMARKS
Newly synthesised non-peripherally octahexyl-substituted
copper tetrabenzotriazaporphyrin (6CuTBTAP) compounds
have been successfully solution-processed at room tempera-
ture on an active semiconducting layer for fabrication of
organic field effect transistors on a highly n-doped Si wafer
(110) gate substrate. The technique may easily be adopted for
the deposition over a large area for flexible electronics. The
molecules are rare examples of unsymmetrical Pc-like struc-
tures. Values of saturation mobility (μsat ¼ 0:15 cm2=Vs),
sub-threshold voltage swing (S ¼ 1:49V=decade), threshold
voltage (VT ¼ 6 V), and on-off ratio (106) are very promising
when compared to parameters for transistors based on other
small molecules within other tetrabenzotriazaporphyrin and
tetrabenzoporphyrin analogs. Values of the mobility and
threshold voltage estimated from the linear potential profile
across the channel between the gate and the source are larger
than those extracted from power law dependence of the
carrier mobility upon the gate voltage appropriate to the poly-
crystalline morphology of the active layer and incorporating
the contact effects. This demonstrates the importance of the
dispersive nature of charge transport. The size of the cluster
may be further improved upon annealing the layers at an ele-
vated temperature and the larger particle size is expected to
increase the carrier mobility.
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